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Abstract The La0.8Sr0.2MnO3 (LSM) cathode mate-

rials are widely used in solid oxide fuel cells (SOFCs)

as electronic conductors. In such materials, the reduc-

tion of oxygen is located at the triple contact bound-

aries: air/cathode LSM/electrolyte which is generally

Yttria Stabilised Zirconia (YSZ). In order to improve

the chemical reactions at these air/cathode LSM/elec-

trolyte interfaces, the triple phase boundary length has

to be optimised. In this aim, we have first synthesised

the La0.8Sr0.2MnO3 phase by a sol–gel route and, sec-

ond, LSM thin films have been deposited on various

polished substrates by using a dip-coating process. The

structure and microstructure of the resulting LSM thin

layers have been investigated by using well suited

complementary techniques such as X-ray reflectome-

try, grazing incidence small angle X-ray scattering, X-

ray diffraction and scanning electronic microscopy.

The structural and microstructural parameters of LSM

thin films have been managed and studied as a function

of synthesis parameters such as initial metallic salt

concentration, time and temperature of annealing. The

higher the metallic salt concentration, the higher the

thickness of the film, the smaller the film density.

The as-prepared layers are amorphous and the single

crystallised perovskite form is obtained for low tem-

perature heat treatments. Therefore, the annealed

coatings are constituted by randomly oriented LSM

nanocrystals, which organise in a more or less dense

close-packed microstructure according to the initial

metallic salt concentration.

Introduction

Solid oxide fuel cells (SOFCs) are solid electrical

energy conversion devices with high efficiency and low

pollution [1, 2]. Strontium-doped lanthanum manga-

nite, La0.8Sr0.2MnO3±d (LSM), is known to be a very

promising cathode material for SOFCs [3]. Nowadays,

their operating temperature is about 1,000 �C. To

lower the working temperature around 700 �C, the

interfacial cathode/electrolyte resistances have to be

decreased by a better control of the material micro-

structure. Indeed, the microstructure of the porous

electrodes is critical for the performances of a SOFC

since it affects the cathode reduction of oxygen and the

chemical reactions at the air/electrode/electrolyte

interface commonly denoted as the triple phase

boundary (TPB) interface [4]. To prepare a highly

active air electrode, the length of TPB for the electrode

reactions has to be sufficient and optimised by

designing the microstructure of the porous air elec-

trode so as not to disturb the adsorbed oxygen surface

diffusion on the electrode.

The preparation of these compounds by chemical

methods, such as citrate-gel process [5], co-precipitation

P. Lenormand (&) � C. Laberty-Robert �
F. Ansart
Centre Inter-universitaire de Recherche et d’Ingénierie sur
les MATériaux, UMR 5085, Université Paul Sabatier, Bât.
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techniques [6], combustion [7] and auto-ignition [8]

processes have been attempted. In this study, the

Pechini method [9] is further modified to elaborate

La0.8Sr0.2MnO3±d oxide thin films. This polymeric

route has been proved to lead to the formation of

complex oxides with highly homogeneous fine particles

at low temperature. Moreover, the interest of this

derived sol–gel route to elaborate thin films by a dip-

coating process is unquestionable mainly because with

such a process, the constitutive matter of the coating is

globally deposited and after an adapted thermal

treatment, the material and its shaping are simulta-

neously obtained [10].

Both formation and transformation mechanisms

studies of thin films synthesised by the sol–gel route are

most recent and not often carried out by the use of

several complementary non-destructive and statistical

experimental techniques such as X-ray scattering

measurements. As it has been shown for zirconia

(ZrO2) sol–gel thin films elaborated by the alkoxide

route, numerous microstructural information on a

nanometric scale of such sol–gel layers, as thickness,

particle shape and size, interparticle distance or cor-

relation length... have been obtained by combination of

the experimental techniques as X-ray reflectivity

(XRR), X-ray diffraction (XRD) and grazing inci-

dence small angle X-ray scattering (GISAXS) [11, 12].

In the present work, we aim to show that micro-

structural analysis by X-ray scattering experiments of

LSM thin layers obtained via a derived Pechini process

can be performed and the resultant microstructure of

films controlled from the sol synthesis parameters and

heat treatment conditions.

Experimental

Sample preparation

All the sols employed for the thin layers synthesis

corresponding to La0.8Sr0.2MnO3±d phase are prepared

by using a polymeric route developed and previously

described by Gaudon et al. [13, 14]. Pure metal ni-

trates, La(NO3) � 6H2O, Sr(NO3)2, Mn(NO3)2 � 4H2O

are used as precursors. They are weighted at the LSM

molar composition and dissolved in a minimum dis-

tilled water amount under mechanical stirring. The

resulting solution is added to a polymeric mixture

constituted by both hexametylenetetramine (HMTA)

and acetylacetone (acac) which are required as poly-

merisant and chelating agents for the process, respec-

tively. Then, the initial metallic salt concentration of

the sol is controlled and fixed by the addition of acetic

acid (CH3COOH), used as solvent. Heating at 80–

90 �C promotes both polymerisation and polyconden-

sation reactions leading to increase the viscosity of the

solution. Finally, the viscosity is systematically adjusted

at about 40 mPa�s at ambient temperature.

Therefore, different coatings of LSM precursor are

carried out by using a dip-coating process under

ambient conditions for various metallic salt concen-

trations ranging from 0.08 to 0.6 mol/l on both (100) Si

single crystals and polished mirror Yttria Stabilised

Zirconia (YSZ) polycrystalline substrates which are

previously cleaned in successive ultrasonic baths of

acetone and alcohol [15]. The withdrawal speed of the

step-by-step dipping–withdrawing apparatus is con-

stant and adjusted at 1.7 cm/min. Based on previous

studies on LSM powders and thin films synthesised by

this organic route, the optimal heat treatment to fire

the samples is 700 �C during 2 h in air with a heating

rate of 100 �C/h [14].

X-ray specular reflectivity

The thickness, density and roughness of interfaces as

defined by Nevot et al. [16] of LSM thin layers have

been measured by X-ray specular reflectivity (XRR), a

non-destructive technique particularly suitable for

their investigation. The reflectivity data are collected

by means of an original angular dispersive reflectom-

eter [11] initially developed by Naudon et al. [17]. All

reflected beams are simultaneously recorded by using a

linear position sensitive detector (INEL LPS 50-

France). As previously described, advantages in the

use of this original apparatus lie in the fact that no

movement of both the sample and the detector is

necessary during the measurement. The exposure time

to data recording is obviously considerably diminished,

typically about 3 h.

The microstructural parameters are obtained by

fitting the experimental XRR data by using a modified

Fresnel recursive formula, generally referred as the

Parratt formalism [18]. Both nanometer-scale surface

and interface roughnesses are described by a Debye-

Waller like damping term as introduced by Névot et al.

[16, 19] in the calculation of the Fresnel coefficients

and defined as the root means square (r.m.s.).

Grazing incidence small-angle X-ray scattering

The Grazing Incidence Small Angle X-ray Scattering

(GISAXS) measurements have been performed by

using a conventional laboratory Small Angle X-ray
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Scattering (SAXS) experimental set-up with a point

like collimation geometry, modified and adapted to the

case of grazing incidence [11]. The sample holder is

equipped with both two translations and one step-

by-step rotation with optical encoder, which allows a

very precise surface sample adjustment in the direct

beam and the control of the incident angle. The scat-

tered intensity is recorded using a linear position sen-

sitive detector (Physique et Industrie, Elphyse

Department-France) which is positioned parallel to the

surface sample. Its height position is precisely con-

trolled and adjusted slightly below the reflected beam

Ir (Fig. 1), which is masked by a lead beam stop

set along the vertical axis.

The apparatus setting both to position the sample

accordingly to the X-ray beam and to determine the

sample angular origin is classically made [20]. To to-

tally penetrate the coating, the grazing angle of the

incident beam, Ii, on the sample surface must be

slightly larger than the layer critical angle ac, ac being

previously measured by X-ray reflectivity. So the

transmitted beam, It, goes through the layer and acts as

a primary beam to give rise to a SAXS signal [21–23].

However, less than the upper half part of the GISAXS

pattern can be recorded (Fig. 1).

The origin of the reciprocal space is the point O

which position is calculated according to the incident

angle a and the refraction index of the coating as

determined from the XRR curves. Then, the GISAXS

data are corrected for refraction and absorption effects

before analysis [24]. Finally, the scattered intensity I(q)

is presented as a function of the modulus of the scat-

tering vector q which is given by q = 4psin(h)/k where h

is half the scattering angle and k the wavelength of the

incident radiation (CuKa1 radiation). Two sample-

detector distances of 0.5 and 1.5 m are used in order to

cover a q-range from about 0.3 to 4.0 nm–1. Thus, in

such experimental conditions, the measurable scatter-

ing particle sizes or interparticles distances range from

1.5–2 to about 25 nm.

X-ray diffraction

X-ray diffraction (XRD) was used to determine the

nature of the crystalline phases and more particularly

to check that the layers are crystallised as single

perovskite phase. The as-prepared and annealed LSM

thin films are investigated by asymmetric X-rays dif-

fraction measurements on a Debye-Scherrer type

apparatus operating on flat samples [25]. The CuKa1

monochromatic radiation is provided by a bent ger-

manium monochromator and the diffracted beams are

simultaneously recorded using a curved position

sensitive detector with a 120� aperture (CPS120—

INEL-France). Such asymmetric geometry under fixed

incidence is particularly suitable for surface charac-

terisation and thin film structure analysis. The incident

angle was fixed to about 4–7� in order to favour the

irradiated volume without impairing the resolution, i.e.

without an excessive broadening of the X-ray diffrac-

tion line profile.

Results

LSM precursor coatings deposited on (100) Si single

crystal wafers have been synthesised from various ini-

tial metallic salt concentration sols, ranging from 0.08

to 0.6 mol/l. After a drying at 100 �C, the films are

continuous, transparent, homogeneous and crack free

as observed by optical microscopy. Before to be

investigated by the different techniques previously

presented which give additional information on

microstructure, orientation and morphological charac-

teristics of the layers, they are annealed at 700 �C

during 2 h in order to remove the residual organics and

to obtain the crystallisation of the amorphous precur-

sors [13].

X-ray reflectivity curves of these coatings and

uncoated Si substrate are presented in Fig. 2 and first

analysed. Most of the reflected intensity curves corre-

sponding to the LSM thin films present well marked

oscillations, known as Kiessig fringes [26], which are

significant of continuous, homogenous and uniform

layers with low surface and interface roughnesses

(Fig. 2). When the metallic salt concentration
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increases, both the position of the critical angle and the

period of the interference fringes decrease. This

behaviour points out that the layers density decreases

while the layers thickness increases. However, for

C = 0.6 mol/l, no periodic oscillations are observed

because the film is probably too thick according to the

reflectometer resolution. Indeed, it can be considered

as an infinite medium for the X-ray beam. Neverthe-

less, its thickness has been determined by using an

optical profilometer (Zygometer) operating as a Per-

rot-Fabry interferometer [10].

The intensity of the reflected beam by the uncoated

Si single crystal substrate shows a monotonous

decrease when the X-ray beam incident angle a in-

creases, in good agreement with the classical evolution

for a dioptre separating two media of different elec-

tronic densities. Furthermore, the measured critical

angle corresponding to total reflection, ac = 0.224�, is

in very good agreement with the theoretical value of

0.226� [27]. For fitting the right above presented thin

LSM coating experimental XXR curves with the

Parratt formalism model, the silicon substrate refrac-

tion index is fixed accordingly to its theoretical value

and the refined parameters only concern the thin film

microstructure, i.e. thickness, index of refraction, sur-

face and interface roughnesses.

On Fig. 2, the continuous lines correspond to the

best fitting curves from which the microstructural

parameters are deduced. To reach such experimental

and calculated curves agreement, we assume that films

are constituted of two layers. For all films, an addi-

tional top-layer of only few nanometers, in a 1–10 nm

range, with a density slightly lower than the one ob-

served for the inner coat is added.

The thickness and the density of the inner layer are

displayed in Fig. 3 as a function of the initial metallic

salt concentration in the sol. The layer thickness, e,

versus the initial metallic salt concentration, C, in-

creases from 25 to 230 nm for C = 0.08 and 0.6 mol/l,

respectively, and varies according to a power law with

an exponent value superior to one, e ~ C1.26. The

density of the layer as estimated through its refractive

index continuously decreases when the initial metallic

salt concentration increases. In other words, the layers

porosity slightly increases with the initial metallic salt

concentration and the occupied volume, for an equiv-

alent mass of oxide deposited, is more important for a

sol of high concentration leading to a lower density.

Finally, the root means square (r.m.s.) roughness

parameters, about 0.5–1.5 nm for each interface, are in

the same range order than the one measured for Si

single crystal substrate.

XRD analyses performed on these annealed films

show that they are crystallised in the pure perovskite

form. For example, the XRD pattern collected for the

thicker film is presented in Fig. 4. The peak positions

and intensities are similar to those observed on LSM

powders elaborated in the same conditions as reported

in previous work [28]. These LSM powders crystallise

in the rhombohedral symmetry of the perovskite and

index in the R-3c space group. Accordingly, for all films,
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XRD spectra are indexed in the R-3c system. This re-

sult shows that the thin solid films are polycrystalline

and as the relative intensities are in good accordance

with data of the JCPDS file, N� 82-1152, the LSM

nanocrystals have random orientations in respect to the

Si single crystal substrate.

Finally, GISAXS measurements are performed. We

remind that SAXS experiments which are commonly

used in the transmission mode provide numerous

microstructural information on scattering entities on a

nanometric scale and have been extensively described

[29, 30]. However, when the heterogeneities of elec-

tronic density occur at the vicinity of a material surface

or in a thin layer as it is the case for the LSM sol–gel

layers, the use of grazing incidence is the best experi-

mental configuration as it was demonstrated by Levine

et al. [21, 31]. The principle of such GISAXS experi-

mental technique which combines both X-ray reflec-

tometry and small-angle X-ray scattering theory has

been fully described by Naudon and Thiaudière [20].

With the GISAXS geometry, the X-ray path inside

the thin layer is considerably increased, the signal-

to-background ratio improved and the intrinsic scat-

tering of the substrate suppressed. Due to the very

small X-ray beam incidence angle, the illuminated area

of finite size sample is assumed to be constant and the

X-ray irradiated sample volume is only a function of

the X-ray penetration depth, which is directly linked to

the incidence angle [20]. Per contra, the accessible 2h
angular domain, where the scattering signal could be

recorded, is obviously limited. The larger the incidence

angle, the less the 2h angular domain. Therefore, the

choice of the incidence angle is crucial and the key

point of GISAXS experiments. It must be set to a value

obviously higher than the critical angle while ensuring

the better resolution-intensity compromise.

The GISAXS measurements are done on the denser

LSM layer, which maybe presents the smallest particle

size and interparticles distance. Indeed, it corresponds

to the lowest initial metallic salt concentration of

0.08 mol/l. Its critical angle and its thickness are about

0.32� and only 25 nm, respectively, after heat treat-

ment at 700 �C during 2 h. Consequently, the X-ray

beam incidence angle is set to 0.4� with respect to the

layer surface, a value higher than the critical angle,

allowing the irradiation of the whole layer and ensur-

ing the better resolution-intensity compromise. The

resulting scattered intensity curve, I(q), exhibits a

maximum located at a scattering vector, qm, different

from 0 (Fig. 5). Such pattern feature indicates the

existence of a correlation length, n, in the plane of the

layer which can be deduced from the position of the

intensity maximum qm by n = 2p/qm and is found to be

about 15 nm [30]. In the large-q domain, the scattered

intensity, plotted in a Ln–Ln scale, decreases according

to a power law with an exponent near to –4 (Fig. 5).

This behaviour, known as the Porod law [29, 30],

points out that the crystallised LSM nanoparticles are

homogeneous with a well-defined smooth surface.

Discussion

On the one hand, the conventional electrolyte material

for SOFC applications is Yttrium Stabilised Zirconia

(YSZ). However, the surface roughness of the polished

polycrystalline YSZ substrates does not allow scatter-

ing measurements such as X-ray reflectometry. Indeed,

such substrate surface roughness will involve same

range order surface and interface roughnesses for the

deposited thin film [11, 12] leading to both an expo-

nential decrease of reflected intensity and a large

attenuation of the interference fringes on the XRR

curves [16, 19]. Besides, parasite diffusion as Yoneda

peaks [32] can be observed and disturbs the GISAXS

measurements [33].

On the other hand, in the dip-coating process, the

deposited film thickness, e, is that which balances the

viscous drag and gravity force [15, 34]:

e ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gU0=qg
p

ð1Þ

where c is close to 0.8 for Newtonian liquids, g, q, U0,

and g are the sol viscosity and the density, the with-

drawal speed and the gravity, respectively. Therefore,

in the sol–gel route, the control of the layer thickness

may be easily achieved by modifying synthesis

parameters including viscosity, withdrawal speed,

concentration of metallic salts in the polymeric sol,

heat treatment, etc... [14, 15, 35, 36]. For low substrate

withdrawal speed and liquid viscosity, this balance is
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modulated by the ratio of viscous drag to liquid–va-

pour surface tension, cLV, according to the relationship

derived by Landau and Levich:

e ¼ 0:94ðgU0Þ2=3=c1=6
LVðqgÞ1=2 ð2Þ

In both cases, the raw coating thickness mainly

depends on the withdrawal speed and the viscosity of

the liquid while the final thickness of the annealed

coating will also rely on the solid content. Conse-

quently, the substrate chemical nature does not have,

in a first approximation, a major effect on the depos-

ited layers thickness.

Thus, according to Eqs. 1 and 2, we have used (100)

silicon single crystal wafers instead of polished poly-

crystalline YSZ substrates by assuming that the thick-

ness of the deposited layer on polycrystalline YSZ

substrates will be the same than those observed on Si

single crystals and that the results will be transposable

to a certain extent. In this way, the experimental dif-

ficulties encountered by using polycrystalline YSZ

substrates, i.e. the roughness effects on the X-ray

scattering measurements, are also solved.

The effect of the metallic salt concentration on the

thickness and the microstructure of LSM layers elab-

orated via a polymeric method is then studied. The

LSM thin films are elaborated on Si substrates from

sols whose metallic salt concentration ranges from 0.08

to 0.6 mol/l, their viscosity and the withdrawal speed

being kept constant and equal to 40 mPa�s and 1.7 cm/

min, respectively. The raw as well as the annealed

coatings are homogeneous, transparent and crack-free.

Before annealing, the film thickness is nearly constant

and independent of the initial metallic salt concentra-

tion as observed in a previous study [10]. According to

this result and to Eqs. 1 or 2, the deposited coating

thickness is concluded to be mainly managed by the sol

HMTA content.

After thin coating annealing at 700 �C for 2 h, the

collected experimental X-ray reflectivity data are bet-

ter simulated by introducing a smaller density cap layer

of only few nanometers upon the main denser layer.

Such behaviour has already been observed for zirconia

thin films elaborated by the sol–gel process and

reported by Rizzato et al. [37]. However, some slight

discrepancies between the experimental and calculated

XXR curves remain yet. By considering that LSM thin

films are composed of only two layers, the fitting model

is probably too simple to fully describe the coating

microstructure which is almost certainly more complex.

In particular, it is known that the appearance of an

interfacial layer between the deposited coating and Si

substrate is unavoidable during firing. The growth of

such underlying layer has been widely studied versus

numerous parameters such as chemical nature of the

deposited coating, oxygen partial pressure, annealing

conditions and so on [38–40]. According to the

involved mechanism, silicon oxidation or interfacial

reactions, the formation of intermixing or silicate

phases as well as SiOx or SiO2 is generally observed.

Nevertheless, in regards with their very low measured

thickness, less than 5 nm at moderate annealing tem-

perature [38] and an expected refractive index very

close to the Si substrate one, we think that the taking

into account of such underlying layer could probably

improve slightly the XRR curve fitting but has no

major impact on the measured density of the LSM

layer as well as its thickness, the main microstructural

parameters we are interesting in. A better fit of the

XRR curves remains always conceivable by using more

0

1000

2000

3000

4000

5000

6000

7000

0,4 0,5 0,6 0,7

q (1/nm)
In

te
ns

it
y 

(a
.u

.)

-4

1,5

2

2,5

3

3,5

4

-0,4 -0,3 -0,2 -0,1

L
n 

(I
)

C = 0.08 mol/L
2h – 700°C

C = 0.08 mol/L
2h – 700°C

~ 15 nm
0

1000

2000

3000

4000

5000

6000

7000

0,4 0,5 0,6 0,7

In
te

ns
it

y 
(a

.u
.)

-4

1,5

2

2,5

3

3,5

4

-0,4 -0,3 -0,2 -0,

Ln (q)

L
n 

(I
)

C = 0.08 mol/L
2h – 700°C

C = 0.08 mol/L
2h – 700°C

C = 0.08 mol/L
2h – 700°C

C = 0.08 mol/L
2h – 700°C

~ 15 nm

0

Fig. 5 GISAXS curve of
LSM thin film synthesised
with C = 0.08 mol/l after
thermal treatment at 700 �C
during 2 h on both a linear
and bi-logarithmical scales

4586 J Mater Sci (2007) 42:4581–4590

123



complex layer models provided that they are estab-

lished on relevant information from other experimen-

tal techniques such as cross-sectional high resolution

transmission electronic microscopy which could prob-

ably be useful.

Thus, the refined thickness of the annealed LSM films

is a function of the metallic salt concentration intro-

duced in the polymeric sol. On the one hand, this

thickness varies according to a power law with an

exponent value of 1.26 and ranges from 25 to 230 nm for

C = 0.08 and 0.6 mol/l, respectively. As the thickness of

unannealed films, mainly managed by the sol HMTA

content, is constant and independent of the initial

metallic salt concentration, such exponent value,

greater than 1, is significant of an increase of the

porosity with the metallic salt concentration. On the

other hand, XRD investigation made on heat-treated

films reveals the crystallisation of the precursors coating

in the single pure LSM perovskite phase. Consequently,

the film density is easily evaluated through the refined

refractive index from the X-ray reflectivity curves [11].

This density decreases with the initial metallic salt

concentration in the sol in agreement with the thickness

evolution. Thus, the higher the metallic salt concentra-

tion, the higher the thickness of the film and the more

porous the film. Finally, both the surface and interface

roughnesses are about 1 nm, which is equivalent to the

evaluated Si single crystal substrate roughness (0.7 nm).

These X-ray reflectivity results are in a certain extend

similar to those observed for layers synthesised via

other techniques such as CVD and PVD [41, 42].

The grazing incidence X-ray scattering signal, col-

lected on the denser LSM layer, i.e. corresponding to

the lowest initial metallic salt concentration of

0.08 mol/l, is assigned to the LSM nanocrystals [11, 12].

The sharp interference peak is significant, on the one

hand, of a very homogeneous and narrow distribution

of crystallised LSM nanoparticle sizes in the plane and,

on the other hand, that the LSM nanocrystals self-

organise in a relatively dense close-packed micro-

structure in agreement with the rather high density of

this layer as measured by X-ray reflectivity. In such

paracrystalline lattice model [43], the correlation

length n corresponds to the nearest-neighbour dis-

tance. Since the end of the organics removal, at about

500 �C [10], the LSM nanocrystals are obviously in

contact and the nearest-neighbour distance is assimi-

lated to LSM nanocrystals size, which is about 15 nm

for an annealing at 700 �C for 2 h. The Porod law being

obeyed [29, 30], the LSM nanocrystals are homoge-

neous with a well-defined smooth surface and have a

random orientation in respect to the Si single crystal

substrate as revealed by the X-ray diffraction mea-

surements. Therefore, this annealed coating is consti-

tuted by randomly oriented LSM nanocrystals, about

15 nm in size, which organise in a relatively dense

close-packed microstructure. This microstructure is

also evidenced and confirmed by Scanning Electron

Micrograph (SEM) of the surface of this thin layer

(Fig. 6).

The slight porosity increase, about 10–15%, when the

initial metallic salt concentration increases could be

explained by considering the corresponding bulk

xerogels synthesised and annealed with the same

experimental protocol. As it is always observed for sol–

gel technology, the LSM nanocrystals size varies, on the

one hand, according to the initial metallic salt concen-

tration [10]. On the other hand, during the dipping, the

liquid film runs out on the substrate, adheres to its

surface and the evaporation of solvents leads to its rapid

solidification. The as-prepared layer could be consid-

ered as a xerogel obtained by a concentration effect [11,

12]. Therefore, the LSM nanocrystal size variation ver-

sus the initial metallic salt concentration may change to

some extent their stacking leading to a more or less

dense close-packed microstructure.

All these results are obtained on Si single crystal

substrates whereas the conventional electrolyte mate-

rial for SOFC applications is YSZ. Thus, thin films of

LSM on YSZ polished substrates are synthesised using

the same synthesis parameters. Due to their intrinsic

roughness, such substrates prevent especially the XRR

and GISAXS measurements. The LSM layers are

homogeneous, transparent and crack-free. As investi-

gated by X-ray diffraction and scanning electron

microscopy, respectively, the annealed films are

crystallised in the single pure perovskite form and their

microstructure features are quite similar to those

Fig. 6 SEM micrograph of LSM/Si thin film synthesised with
C = 0.08 mol/l and fired at 700 �C during 2 h
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previously detailed for Si substrates. Thus, the chemi-

cal nature of the substrate, Si single crystal or poly-

crystalline YSZ substrates, does not considerably

influence the structure and microstructure of annealed

films provided that the deposited films are thick en-

ough. Such outcomes have been previously observed in

other layer/substrate chemical couples and more par-

ticularly for sol–gel derived zirconia (ZrO2) thin films

deposited by a dip-coating process, on various sub-

strates such as silica based glass, silicon and sapphire

polish mirror single crystal substrates [44].

With the SOFC applications in aim, we now mainly

focus this study on the synthesis of films with a metallic

salt concentration of C = 0.6 mol/l which leads to the

formation of the thickest and the most porous layer, a

microstructure which is expected to favour the O2 gas

transportation to the triple phase boundaries. After

calcination at 1,000 �C for 2 h in order to stabilise the

material microstructure, the SEM micrographs show

that the fired film is no longer continuous and exhibits

both small pores and small solid phase islands (Fig. 7a).

The resulting microstructure is very fine and seems well

self-organised by presenting an order on a short length

scale with a homogeneous distribution of islands size.

Their correlation length is more precisely determined by

using an image processing of the SEM micrograph,

which allows the computation of the power spectrum or

the square modulus of the Fourier transform (Fig. 8)

[45]. A scattering ring centred on the reciprocal space

origin is observed and similar to the X-ray scattering

curve obtained at lower temperature (Fig. 5). The dis-

tribution of the intensity, evaluated from an integration

of the scattered intensity on all directions of the

reciprocal space, shows a well-defined maximum around

3 lm–1 corresponding to a preferential correlation

length of about 330 nm in the film surface.

These kinds of particle growth and pore coarsening

leading to this well known islanding or dewetting of the

substrate and the associated mechanisms have been

widely investigated for various layer/substrate chemi-

cal couples [36, 46–49]. These studies conclude that one

of the main parameters governing the dewetting is the

existence of a critical layer thickness, for fixed

annealing conditions, and that the islanding could be

avoided by optimising the initial layer thickness. In our

case, the critical layer thickness could be found by

varying the metallic salt concentration. Continuous and

homogeneous layers are recovered, even for an

annealing at 1,000 �C for 2 h, by decreasing the

metallic salt concentration. An example of resulting

microstructure is displayed in Fig. 7b for an initial

metallic salt concentration of 0.08 mol/l.

The elaboration of electrodes for SOFC devices with

a controlled porosity is critical for good performances

of the system. The reduction of the oxygen at the triple

boundary points (air/electrode/YSZ) depends both on

composition and microstructure of the cathode [4, 50].

Sasaki et al. [51] reported that both the overvoltage

and the ohmic loss at the triple boundary points for

cathode materials are mostly affected by the electrode

microstructure. Our results show that nanocrystallised

LSM films with different porosities can be synthesised

by controlling the initial metallic salt concentration of

the polymeric sols. Indeed, several densities have been

achieved from 50 to 70% of the theoretical density of

LSM with metallic salt concentrations ranging from

0.08 to 0.6 mol/l. The measured coating thickness

which is relatively weak for SOFC applications does

not matter since the sol–gel process easily allows thick

film synthesis by multi-layered film preparation with or

without intermediate heat treatments.

Conclusion

Continuous, homogeneous and crack-free La0.8

Sr0.2MnO3 thin films are successfully synthesised by a

sol–gel dip-coating method. Their structure and

Fig. 7 SEM micrographs of LSM/YSZ thin films annealed at
1,000 �C during 2 h and synthesised with C = 0.6 mol/l (a) and
C = 0.08 mol/l (b)
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microstructure versus the metallic salt concentration in

the sol are fully characterised by using several com-

plementary non-destructive X-ray scattering methods

such as X-ray reflectivity, X-ray diffraction and grazing

incidence small angle X-ray scattering. After annealing

at 700 �C in air, the layer microstructure is composed

of randomly oriented nanocrystallised LSM particles.

Their narrow size distribution allows their self-stacking

in a relatively dense close-packed microstructure.

These characteristics are still preserved even after

calcination at 1,000 �C for 2 h and seem to be inde-

pendent of the nature of the substrate.

Correlations between the thickness, the density of

the film and the metallic salt concentration in starting

sol are established. The higher the ionic concentration,

the higher the thickness and the more porous the

microstructure. The control of processing parameters

including concentration of metallic salts and the heat

treatment conditions allows the elaboration of thin

films with various porosities and thickness. This thin

film porosity and thickness management is an advan-

tage for further SOFC applications because they

induce the polarisation resistance at the air/cathode/

electrolyte interface by optimising the triple phase

boundary lines.
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